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ABSTRACT 
T h i s  i n v e s t i g a t i o n  s h o w s  t h a t  s t r i a t i o n  o s c i l l a t i o n s  
i n  t h e  He-Ne d i s c h a r g e  o c c u r  o v e r  s i g n i f i c a n t  r a n g e s  o f  
p r e s s u r e  a n d  c u r r e n t  w i t h  r e s p e c t  t o  t h e  optimum v a l u e s  
for  maximum laser power. This i n s t a b i l i t y ,  which is of 
t h e  order of 500 KHz i n  f r e q u e n c y ,  e f f e c t i v e l y  m o d u l a t e s  
t h e  c o h e r e n t  l i g h t  o u t p u t  o f  t h e  He-Ne laser as well as 
t h e  discharge t u b e   v o l t a g e   a n d   c u r r e n t .  A t h e o r e t i c a l  
a n a l y s i s  i n i t i a t e d  by Pekarek and ex tended  by Garscadden 
and B l e t z i n g e r  has  been m o d i f i e d  t o  p r e d i c t  t h e  s t r i a t i o n  
f r e q u e n c y  p r e s s u r e  a n d  r a d i u s  d e p e n d e n c e s  f o r  t h e  s i n g l e  
c o n s t i t u e n t   g a s .  The e x p e r i m e n t a l  results for t h e  He-Ne 
laser skew g o o d  c o r r e l a t i o n  wi th  t h e  f a p 
f u n c t i o n a l   d e p e n d e n c e   p r e d i c t e d .  One p r a c t i c a l   d e s i g n  
c o n s i d e r a t i o n  is t h a t  e f f e c t s  of s t r i a t i o n s  can  be mini -  
mized by u s i n g  small diameter t u b e s  s i n c e  these have 
c h a r a c t e r i s t i c a l l y  h i g h e r  s t r i a t i o n  f r e q u e n c i e s  w h i c h  
less e f f e c t i v e l y  m o d u l a t e  t he  c o h e r e n t  o u t p u t .  
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CHAPTER I 
I NTRODUC TI ON 
I n  t h e  direct c u r r e n t  g l o w  d i s c h a r g e  i n  t h e  rare 
g a s e s  a t  p r e s s u r e s  o f  t h e  o r d e r  o f  a few Torr ,  t h e  p o s i t i v e  
column usua l ly   appea r s   homogeneous   t o  t h e  eye .  Upon exam- 
i n a t i o n  by t ime- re so lved  t echn iques  i t  is found t h a t  ove r  
s i g n i f i c a n t  r a n g e s  of p r e s s u r e  and c u r r e n t ,  t h e  p o s i t i v e  
column is n o t  h o m o g e n e o u s ,  b u t  c o n s i s t s  o f  a l t e r n a t e  b r i g h t  
and d a r k  l a y e r s  moving  along t h e  axis  o f   t he   t ube .   These  
r eg ions   have   been  termed l'moving s t r i a t i o n s " .  Under cer- 
t a i n  s p e c i a l  d i s c h a r g e  c o n d i t i o n s ,  s t a n d i n g  s t r i a t i o n s  c a n  
ex is t .  F i g u r e  1 shows t h e  characteristics of t h e  develop-  
ment  of a s t r ia ted  p o s i t i v e  co:lumn as seen ,  fo r  example ,  
by a high-speed camera. 
A s  early as 1874 A .  Wullner ( l j l  u sed  a r o t a t i n g  
m i r r o r  t o  s t u d y  s t r i a t i o n s .  He  obse rved   un i fo rmly   spaced  
areas of h i g h  l i g h t  e m i s s i o n  p r o p a g a t i n g  i n  t h e  d i s c h a r g e  
w i t h  s p e e d s   u p   t o  10 c m .  p e r   s e c o n d .   S i n c e   t h a t  time 
numerous methods such as microwave and image converter 
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measurements ,  photomul t ip l ie r ,  and  Langmuir  probe  tech- 
niques have been used t o  s t u d y  s t r i a t i o n s  u n d e r  w i d e l y  
v a r y i n g  e x p e r i m e n t a l  c o n d i t i o n s .  
'Numbers i n  p a r e n t h e s e s  c o r r e s p o n d  t o  s i m i l a r l y  
numbered r e f e r e n c e s  l i s t ed  i n  t h e  b i b l i o g r a p h y .  
1 
I 
I 
I 
t = O  I z 
I 
t ' 2  
1 1 
t I 
2 ' z  
1 2  
1 
F i g u r e  1. Development of a Str ia ted P o s i t i v e  Column. 
Pupp (2)  a n d ,   r e c e n t l y ,  Donahue  and  Dieke (3) 
have made t h e  mos t  ex tens ive  expe r imen ta l  con t . r ibu t ions .  
The  most s i g n i f i c a n t  r e s u l t  o f  t h e  l a t t e r  expe r imen te r s  
is t h a t  t h e y  showed t h e  func t iona l  dependence  of f requency  
of s t r i a t i o n s   v e r s u s   d i s c h a r g e   c u r r e n t .   I n   t h e  same exper -  
iments they  showed  tha t  as c u r r e n t  is i n c r e a s e d ,  t h e  o s c i l -  
l a t i o n s  may become uns t ab le .   Wi th  a f u r t h e r  i n c r e a s e  of 
c u r r e n t ,  t h e  o s c i l l a t i o n s  may become stable a g a i n  b u t  w i t h  
a m a r k e d l y   d i f f e r e n t   f r e q u e n c y .   T h u s ,   t h e r e  are s e v e r a l  
modes of osc i l l a t . i on .   Through   h i s   expe r imen t . s   i . n   s ing le -  
c o n s t i t u e n t ,  rare gas discharges,  Pupp showed t h a t  there 
is a l i m i t i n g  p r e s s u r e  a n d  c u r r e n t  at. w h i c h  s t r i a t i o n s  
may ex is t .  These limits are a lmost   independent   o f   tube  
r a d i u s .  
Garscadden  and  co-workers  have  publ i shed  f rag-  
m e n t a r y   s t r i a t i o n  data f o r  t h e  He-Ne laser (4, 5) .  They 
h a v e  g i v e n  s p e c i f i c  data p o i n t s  o n  t h e  per t . i .nent  para-  
meters of f r eque .ncy  and  ve loc i . t y  o f  t he  s t . r i a t . i ons  i . n  t h e  
He-Ne d i scha rge .   The re   has   no t   been   an   exhaus t ive   expe r i -  
menta l  paper  descr i .b ing  che c o n t i n u o u s  v a r i . a t i o n  of t h e  
p e r t i n e n t  p a r a m e t e r s .  
T h e o r e t i c a l  e f f o r t s  aimed a t  u n d e r s t a n d i n g  moving 
s t r i a t i o n s  h a v e  b e e n  d i v i d e d  m a i n l y  b e t w e e n  a t t e m p t s  t o  
a s s o c i a t e  t h e  s t r i a t i o n s  w i t h  var ious  p lasma waves  and  
i n s t a b i l i t i e s ,  a n d  w i t h  d i f f u s i o n - t y p e  s p a c e - c h a r g e ,  o r  
i on iza t ion   waves .  Of t h e  l a t te r  v a r i e t y ,   t h e   m o s t  
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i m p o r t a n t  c o n t r i b u t i o n s  h a v e  b e e n  made by Robertson (6)  
and by Peka rek  (7, 8) who has s p e n t  o v e r  f i f t e e n  years 
a n a l y z i n g  t h e  problem. H i s  t h e o r y ,  as ex tended  by 
B l e t z i n g e r ,  p r e d i c t s  q u a l i t a t i v e l y  some of t h e  i m p o r t a n t  
p r o p e r t i e s  of t h e  s t r i a t i o n s .  Some a t t empt s   have   been  
made t o  i n t e r p r e t  moving s t r i a t i o n s  i n  terms of ion  waves ,  
t h e  most n o t a b l e  of which is t h e  work of Alexeff and 
Jones  (9) who modified t h e  basic ionic-sound wave d i f f e r -  
e n t i a l  equa t ion  and  found  a damped, s p a t i a l l y - p e r i o d i c  
mode of propagation. 
I t  s h o u l d  be emphasized t h a t  a l l  t h e  work  up t o  
t h i s  time on s t r i a t i o n s  is i n  t h e  rare gases. N o  t h e o r y  
has been  pub l i shed  t o  e v e n  q u a l i t a t i v e l y  e x p l a i n  t h e  
phenomenon i n   m u l t i - c o n s t i t u e n t  rare gases .   Peka rek  (10) 
h a s  j u s t  r e c e n t l y  b e g u n  a n  a n a l y s i s  o n  t h e  He-Ne d i s c h a r g e .  
T h i s  a n a l y s i s  is much more d i f f i c u l t  b e c a u s e  of cumula t ive  
i o n i z a t i o n   p r o c e s s e s .  
The p rocedures  o f  t h i s  s t u d y  are t o  p r e s e n t  t h e  
v a r i o u s  theories of s t r i a t i o n s  a n d  t o  p o i n t  o u t  t h e  func-  
t i o n a l  r e l a t i o n s h i p s  t h a t  were v e r i f i e d  i n  t h e  Space 
I n s t i t u t e   L a s e r   L a b o r a t o r y .  The e x p e r i m e n t a l   r e s u l t s  are 
a p p l i c a b l e  t o  and were, i n  fac t ,  m o t i v a t e d  b y ,  s t u d i e s  o f  
f l u c t u a t i o n s  i n  t h e  o u t p u t  l i g h t  i n t e n s i t y  of He-Ne lasers .  
For expe r imen ta l  conven ience ,  data were u s u a l l y  t a k e n  o n  
t h e  d i s c h a r g e  c u r r e n t  s i n c e  i t  is known (11) t h a t  f l u c t u -  
a t i o n s  i n  t h e  d i s c h a r g e  c u r r e n t  m o d u l a t e  t h e  c o h e r e n t  
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o u t p u t   l i g h t  of t h e  laser. The e x p e r i m e n t a l   r e s u l t s  of 
Chapter  I11 w i l l  show tha t  t h e  va r i a t ion  o f  f r equency  o f  
s t r i a t i o n s  v e r s u s  discharge p r e s s u r e  a n d  t u b e  r a d i u s  are 
i n  agreement w i t h  t h e  theory  of  Chapter  I1 for a s i n g l e  
c o n s t i t u e n t   p l a s m a .   A d d i t i o n a l  data g i v i n g   v a r i a t i o r l  of 
f r e q u e n c y  v e r s u s  d i s c h a r g e  c u r r e n t  a n d  o t h e r  design para- 
meters as a f u n c t i o n  o f  g a s  p r e s s u r e  a n d  t u b e  c u r r e n t  are 
p r e s e n t e d .  These phenomena are t h e o r e t i c a l l y   u n e x p l a i n e d  
a t  t h i s  time. 
CHAPTER I1 
THEORIES OF STRIATIONS 
I. I NTRODUC TI ON 
Because of t h e  complexi ty  of t h e  problem, there 
is n o t  as y e t  a t h e o r y  f o r  s t r i a t i o n s  i n  a m u l t i - c o n s t i -  
t u e n t  gas plasma.  On t h e  o ther  hand,  some rather  detai led 
s tud ie s  of s t r i a t i o n s  i n  s i n g l e - c o n s t i t u e n t  g a s  d i s c h a r g e s  
h a v e   a p p e a r e d   i n  t h e  l i t e r a t u r e .  I n  t h i s  c h a p t e r  t h e  
three most prominent  of those theories w i l l  b e  p r e s e n t e d  
i n  v a r y i n g  d e g r e e s  of de t a i l ,  and it will be  shown l a t e r  
i n  t h i s  t h e s i s  t h a t  these theories  a p p l y  q u a n t i t a t i v e l y  
t o  t h e  He-Ne d i s c h a r g e .  
11. ALEXEFF AND JONES SOUND-WAVE THEORY 
Alexeff and   Jones  (12) s u g g e s t  t h a t  moving 
s t r i a t i o n s  i n  d i rect  c u r r e n t  glow discharges i n  t h e  
i n e r t  gases may s i m p l y  b e  m a n i f e s t a t i o n s  of ion ic-sound 
waves p r o p a g a t i n g   i n  t h e  discharges. By add ing   an  ion-gas 
atom c o l l i s i o n  term t o  t h e  basic ion ic - sound  wave  d i f f e r -  
e n t i a l  e q u a t i o n ,  t h e  v e l o c i t y  of t h e  r u n n i n g  s t r i a t i o n s  
i n  a s i n g l e - c o n s t i t u e n t  i n e r t  g a s  is s u c c e s s f u l l y  p r e -  
dicted i n  t h e  p r e s s u r e  r a n g e  of 1 micron t o  1 0  Torr. A 
s e r ious  d e f i c i e n c y  i n  t h i s  t h e o r y  is t h a t  a s t r o n g  s p a t i a l  
damping is p r e d i c t e d  a n d  t h i s  d a m p i n g  is c o n t r a r y  t o  
e x p e r i m e n t a l  e v i d e n c e .  
T h e  b a s i c  e q u a t i o n  is 
where,  
y is t h e  a d i a b a t i c  c o m p r e s s i o n  c o e f f i c i e n t  of 
t h e  e l e c t r o n  gas,  
k is Bo l t zmann ' s  cons t an t ,  
i m is t h e  i o n  mass, 
n is t h e  i o n   d e n s i t y ,  + 
vIn  is t h e  c o l l i s i o n  f r e q u e n c y  of a n  i o n ,  w i t h  
background gas atoms 
and ,  
z r e p r e s e n t s  p o s i t i o n  a l o n g  the  ax i s .  
Equa t ion  (11-1) c o n t a i n s  t h e  assumption t h a t  t h e  ampli- 
t u d e  of t h e  wave is small ,  a n d  t h a t  t h e  temperature of 
t h e  e l e c t r o n s  is much g r e a t e r  t h a n  t h e  t empera tu re  of 
t h e   i o n s .   S o l v i n g   E q u a t i o n  (11-1) by t h e  s t a n d a r d  tech- 
n ique  of assuming n of t h e  form of a c o n s t a n t  p l u s  a 
small o s c i l l a t i n g  term g i v e s  t h e  phase v e l o c i t y  of t h e  
+ 
s t r i a t i o n s  
v = v [1/2 + 1/2 v7-lI2 1 + (-11 
P 0 w 
(11-2) 
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and t h e  damping fac tor  + is g i v e n  a s  
V 
@ = (- ")[ 1/2 + 
2v0 
where 
1/2 
v is (s) , t h e  f ree  space v e l o c i t y .  
0 m 
The e f fec ts  of t h e  ion-gas  atom c o l l i s i o n s  on 
t h e  p r o p a g a t i n g   d e n s i t y  are  two-fold. N o t  o n l y  is t h e  wave 
e x p o n e n t i a l l y  damped, b u t  a l s o  t h e  wave propagates a t  less  
t h a n  t h e  f ree  space v e l o c i t y  vo. The  importance of t h i s  
t h e o r y  is t h a t  i t  shows t h a t  t h e  v e l o c i t y  of p r o p a g a t i o n  
is a 1 
1/2 
and therefore  a -* 1/2 ' t h i s  dependence a l s o  
'In P 
o c c u r s  i n  t h e  e x p e r i m e n t s  r e p o r t e d  here.  
111. ROBERTSON I'vETASTAEi~ THEORY (13) 
The b a s i s  of t h e  t h e o r y  of Rober t son  is  t h a t  
s t r i a t i o n s  a re  i n f l u e n c e d  by t h e  d e n s i t y  of some meta- 
s t a b l e  s t a t e .  Fo l lowing  are  t h e  q u a l i t a t i v e   a r g u m e n t s  
which he  has made s u p p o s e d l y  p r o v i n g  t h a t  metastables 
are n e c e s s a r y  for a n  i n s t a b i l i t y  t o  o c c u r  i n  t h e  p o s i t i v e  
cplumn. 
A t  a c o n s t a n t  c u r r e n t  d e n s i t y ,  u n d e r  the  condi -  
t i o n  t h a t  n o  m e t a s t a b l e  s t a t e s  a re  allowable,  t h e  t o t a l  
d i rect  i o n i z a t i o n  r a t e  decreases as  t h e  e l e c t r o n  d e n s i t y  
i n c r e a s e s .   T h i s  phenomenon o c c u r s  because t h e  i o n i z a t i o n  
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ra te  p e r  e l e c t r o n  i n c r e a s e s  r a p i d l y  w i t h  e lec t r ic  f i e l d  
and t h e  e lec t r ic  f i e l d  is approx ima te ly  inve r se ly  p ro -  
p o r t i o n a l  t o  e l e c t r o n   d e n s i t y .  The f a c t  t h a t  t h e  p r o d u c t  
of e l e c t r o n  d e n s i t y  a n d  i o n i z a t i o n  r a t e  p e r  e l e c t r o n  is 
a mono tone  dec reas ing  func t ion  of t h e  e l e c t r o n  d e n s i t y  
c o n t r i b u t e s  v e r y  s t r o n g l y  t o  t h e  s t a b i l i t y  of t h e  p o s i t i v e  
column. 
When m e t a s t a b l e s  are p r e s e n t  i n  q u a n t i t y ,  how- 
ever, t h e  i o n i z a t i o n  r a t e  may, f o r  a time, c o n t i n u e  t o  
i n c r e a s e  as t h e  e l e c t r o n   p o p u l a t i o n   i n c r e a s e s .   T h i s  is 
b e c a u s e ,  i n  the i n e r t  gases for example,  i t  is much eas ie r  
t o  i o n i z e  a metastable t h a n   a n   u n e x c i t e d  atom. Also,  a 
decrease i n  t h e  l oca l  e lec t r ic  f i e l d  has a less drastic 
e f fec t  on t h e  r a t e  p e r  e l e c t r o n  f o r  i o n i z i n g  metastable 
t h a n   o n   t h a t  for i o n i z i n g   u n e x c i t e d  atoms. Thus, t h e  
p r e s e n c e  of metastables can  lead t o  t h e  growth ra ther  
t h a n  t o  the s u p p r e s s i o n  of i n s t a b i l i t i e s .  On t h i s  bas i s  
it mas p r e d i c t e d  t h a t  moving s t r i a t i o n s  are c r i t i c a l l y  
dependent  upon the metastable d e n s i t y .  
An obv ious  expe r imen ta l  check  on  t h e  n e c e s s i t y  
of metastables for t h e  e x i s t e n c e  of moving s t r i a t i o n s  is  
t o  examine  pos i t ive  co lumn plasmas which have no meta- 
s tables .  E x t e n s i v e   o b s e r v a t i o n s   o n   p l a s m a s  t h a t  have  
no metastables have confirmed the  f a c t  t h a t  n o  s t r i a t i o n s  
are p r e s e n t  i n  t h e  p o s i t i v e  column of such  p lasmas  (14). 
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T h e r e f o r e ,  i t  may be i n f e r r e d  t h a t  t h e  metastables p l a y  
a n  i m p o r t a n t  f u n c t i o n  i n  t h e  p r o d u c t i o n  of moving 
s t r i a t i o n s .  
I t  has a l s o  been es tab l i shed  t h a t  t h e  l i fe t ime 
of the metastables is re l a t ed  t o  t h e  v e l o c i t y  of t h e  
s t r i a t i o n s  (15). S i n c e  t h e  l i fe t ime of metastables  is 
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e i r  d e n s i t y  a n d  s i n c e  
Landenburg (15) has  shown t h e o r e t i c a l l y  t h e  f u n c t i o n a l  
dependence of d e n s i t y  of metastables o n  c u r r e n t ,  i t  i s  
c lear  t h a t  a r e l a t i o n s h i p  e x i s t s  be tween  cu r ren t  and  
f r e q u e n c y  of s t r i a t i o n s  as  well as  be tween  p res su re  and  
f r equency .   Bo th   dependences  will be shown e x p e r i m e n t a l l y  
i n  Chapter 111. 
I I I .  PEKAREK-GARSCADDEN  TKEORY 
The  Pekarek-Garscadden  theory (8, 16 ,  17,  18) 
is t h e  most quoted  and  most r i g o r o u s  t h e o r y  of s t r i a t i o n s .  
The  development of t h i s  t h e o r y  g i v e n  here starts w i t h  t h e  
Bol tzmann  equat ion ,  assumes s m a l l  p e r t u r b a t i o n   t h e o r y ,   a n d  
f i n a l l y  a r r i v e s  a t  t h e  r e s u l t  of Pekarek  (8) .  From t h a t  
p o i n t ,  a F o u r i e r  Series s o l u t i o n  is assumed  and t h e  ana ly -  
sis of Garscadden (17) is followed. The r e s u l t  
is o b t a i n e d .  
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Basic to t h i s  derivation is tha t  it shows a 
remarkable characteristic property of a plasma - the 
development of pe r iod ic i ty  a f t e r  an aperiodic disturbance. 
The Boltzmann equation  (19,  20)  has been 
employed successfully to predict macroscopic transport 
phenomena. T h i s  formulation is va l id  for  a weakly ion- 
ized plasma i n  which the charges  interact  pr incipal ly  
w i t h  neut ra l s  by v i r tue  of short  range forces ,  for  ex- 
ample, polar izat ion  forces .  For highly  ionized  plasmas, 
the  appl icabi l i ty  of the Boltzmann equation is question- 
ab le .  B u t  because of the much greater mathematical com- 
plexity involved i n  more rigorous appraaches, the use of 
the Boltzmann equation is generally accepted for glow 
discharges. 
The Boltzmann equation, which expresses the 
time, velocity, and posi t ion of the veloci ty  dis t r ibut ion 
func t ion  fv  is wri t ten i n  indicia1 notat ion as  
The average value of any molecular property @(vi ,  xi, t )  
can be shown t o  be (21) 
J fvdc 
N 
< @ > =  (I 1-6) 
where 
dc is a d i f f e r e n t i a l  element i n  velocity space 
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and 
N is  the  number  density  in  configuration  space. 
The so-called  moment  equations  are  formulated  as  follows: 
af V af V J @ (-1 + vi -+ Ri -) dc 
at axi av 
af V 
af V = J aJ (-1 dc . 
at coll. 
(11-7) 
Using  properties  of fv and 0 this  reduces  to 
= (5'- cp S )f S N  f S(X)dwdc  dc . N S  (11-8) 
Letting @ = 1 in Equation (11-8) gives f o r  the Maxwell 
Boltzmann  (equilibrium) solution, 
a N  a 
_. + -(N<vi>) = 0. (11-9) 
at axi 
Equation (11-9) is obvious and needs to  be modified  to 
account for inelastic collisions. 
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C o n t i n u i t y  o f  p o s i t i v e  i o n s  is t h u s  d e s c r i b e d  by 
- aN+ a + + -  (N+<Vi >> = s+coll. a t  axi (11-10) 
where S+coll. is t h e  i n e l a s t i c  g e n e r a t i o n  r a t e .  
The effects  of i o n i z a t i o n  i n  t h e  c o n t i n u i t y  e q u a t i o n  are 
i n c l u d e d  by d e f i n i n g  t h e  i o n i i a t i o n  ra te  Z s u c h  t h a t  t h e  
number of i ons  p roduced  per second is N - Z .  After d e f i n i n g  
t h e  i o n  f l u x  d e n s i t y  a s  
ri " N+ < vi >, t 
s u b s t i t u t i o n  of Equa t ion  (11-11) i n t o  (11-10) g i v e s  
- aN+ 
+ ri,i  + = N Z  a t  - 
(11-11) 
(11-12) 
which is a modi f i ed  c o n t i n u i t y  e q u a t i o n .  
The momentum e q u a t i o n  is o b t a i n e d  by l e t t i n g  
4, = mv i n   E q u a t i o n  (11-8): i 
1 ar + kT aN, N q  
"+ -+ - - + + E .  =-r 
'In + I n  + I n  
-!- 
1 i '  (11-13) a t  m v axi m v  
If t h e  charac te r i s t ic  time (21)  f o r  d e n s i t y   c h a n g e s  ( t h e  
d i f f u s i o n  time) is l o n g  compared w i t h  t h e  time between 
can  be neglec ted   compared  t o  t h e  l a s t  term. The f l u x  of 
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particles  due  to  the  transport  phenomenon  of  diffusion is 
expressed  as  the  density  gradient  multiplied by the  diffu- 
sion coefficient; thus from Equation (11-13), 
DL=-. A kT+ (I1 -14) 
' m v  + In 
The flux of  particles  due  to  the  electric  field  is  given 
by the  electric  field  times  the  number  density  of  drift- 
ing particles,  multiplied by the mobility; thus 
n q+ 
P+ -  (11-15) 
m v  + In 
Taking the  divergence  of  Equation (11-13) gives 
(11-16) 
Substitution of Equation (11-16) into Equation (11-12) 
gives 
Transform the  three-dimensional.  Equation  (11-17)  into  a 
one-dimensional  equation for small deviations by the 
substitutions: 
N+ = No + n+ 
N - = N  + n  
0 - 
(I 1-18) 
(11-19) 
EZ = Eo + E ( z , ~ )  . (11-20) 
S u b s t i t u t i o n  of Equa t ions  (11-18), (11-19) and  (11-20) 
i n t o  E q u a t i o n  (11-17) gives  
an+ a2n an+ a€  - = D+ " 
a t  az2 a Z  W+Eo - aZ - + ZN- (11-21) 
where terms of p r o d u c t s  of small d e v i a t i o n s  have been 
n e g l e c t e d .  
From t h i s  p o i n t  t h e  d e r i v a t i o n  will e s s e n t i a l l y  follow 
t h a t  of Pekarek (8) .  
S o l v e  E q u a t i o n  ( 1 1 - 2 1 )  t o g e t h e r  w i t h  a n  i n i t i a l  
c o n d i t i o n  t h a t  r e p r e s e n t s  a small p e r t u r b a t i o n  i n  t h e  i o n  
d e n s i t y .   S u c h   a n   i n i t i a l   c o n d i t i o n   c a n  be r e p r e s e n t e d  as 
z 2 
1 A2 n .  ( z , t  = 0) = n o ( z )  = no - + e 
- L <  z < L  - - (11-22) 
where A is t h e   h a l f - w i d t h  of t h e   d i s t u r b a n c e .  Note t h a t  
t h i s  r e p r e s e n t s  a n  a p e r i o d i c  d i s t u r b a n c e .  
If t h e  i n i t i a l  c o n d i t i o n  is chosen s u c h  t h a t  t h e  
w i d t h  of t h e  i n i t i a l  d i s t u r b a n c e  is much greater  t h a n  t h e  
Debye Length for e l e c t r o n s ,  t h e  e l e c t r o n  d e n s i t y  d e v i a t i o n  
is t h e n  v e r y  n e a r l y  e q u a l  t o  t h e  d e v i a t i o n  i n  i o n  d e n s i t y  
and  can  be expressed as  (8) 
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w h e r e ,  i n  G a u s s i a n  u n i t s ,  t h e  Debye  Length is 
kT 
4n-Noe 
h =  ( - 2 )  (11-24) 
The s p a c e  charge term can  then  be w r i t t e n  as 
and p is found from P o i s s o n ' s  E q u a t i o n  
- =  477-p . 
aZ 
Performing a s i m p l e  i n t e g r a t i o n  gives  
(11-26) 
(11-27) 
C o n s i d e r   t h e   t h i r d  term of Equa t ion   (11 -21) .   Subs t i t u -  
t i o n  of Equat ion  (11-27)   into  Equat ion  (11-21)  g ives  
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a €  - = N p 4reh - No'+ aZ o +  + -  - 
For t h e  g low d i scha rge  (22) 
('I 1-28) 
(11-29) 
S u b s t i t u t i n g   E q u a t i o n   ( 1 1 - 2 9 )  and Equation  (11-28) i n t o  
Equat ion   (11-21)   g ives ,  r ea l i z ing  t h a t  t h e  s e c o n d  term i n  
Equation  (11-21) cancels i n  t h e  expans ion  of t h e  t h i r d  
term, 
" an+ a2n 
- Da  + + ZN- a t  (11-30) 
I t  is i n t u i t i v e l y  a c c e p t a b l e  t h a t  Z = Z(kT). 
The concern here is t h e  s p a t i a l  v a r i a t i o n  of Z as  p r o v i d i n g  
t h e  causa l  effect  of s t r i a t i o n s  and n o t  on n e t  average 
g e n e r a t i o n  of c h a r g e s .   T h e r e f o r e ,   f o l l o w i n g   P e k a r e k ,   o n e  
mr it es 
z = zul  + - k(T--  To) + . . . 
TO 
A 
= zuI + Z' u u 
TO 
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(11-31) 
where To is  the  equilibrium  electron'temperature.  The 
constant  term  will  be  hereafter  disregarded. 
The  temperature  deviation has been  expressed by 
Granovski (8) in  terms of n+ as 
where 
and 
32 p2k a = - -  
I. 37 EoXl 2 '  
(11-32) 
(11-33) 
(11-34) 
The solution of Equation (11-32) is 
z -alz 
= - bl s E(z')e dz' + c . (11-36) 
0 
Evaluating c at z = a3 gives 
a3 
After substitution of  Equation (11-27) into (11-37) 
a n d  d e f i n i n g  
2 a = 4neh 
and 
(11-38) 
(11-39) 
Equation  (11-37)  becomes 
2 a n  (2-2 ) a1 
u(z) = bl s a(@n+ -k 2) e dz' . (11-40) 
a2 I m 
P e r f o r m i n g  t h e  i n t e g r a t i o n  by p a r t s  g i v e s  
Z (z-z')a 
u(z) = bl s a@n+e 'dz 
(2-2 )a I 
W 
z 
2 (z-z')a 
+ blan+e w - bla s n+e l ( - a l ) d z '  
00 
03 ( z -z ' ) a  
= b a n  - s bla(n+f3+n+al)e 'dz'. 1 +  
Z 
F i n a l l y ,  
u(z) = b 4neh  n - b 4aeh [- 2 2 p-Eo 1 + 1 + "11 x D - 
(11-41) 
S u b s t i t u t i o n  of Equa t ion   (11 -41)   i n to  (11-30) g i v e s  
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" . . . ~  - 
an+ a2n kT 
D a d + z ’ b  
- kT - =  - n - z’  b (- a - 
u 1  e + a t  e 1 
m al (z-z 
+ Eo) e n+(z ’ )dz ’  . (11-42) 
z 
T h i s  is t h e  e q u a t i o n  o r i g i n a l l y  derived by 
Pekarek  (8) a n d   s o l v e d   o n   a n   e l e c t r o n i c   c o m p u t e r .  After 
s u b s t i t u t i o n  f o r  a p p r o p r i a t e  c o n s t a n t s  a n d  t h e  i n i t i a l  
c o n d i t i o n  of Equat ion  (11-22) ,  h e  found t h a t  t h e  s o l u t i o n  
is o s c i l l a t o r y  o n  t h e  l e f t  hand s ide  of t h e  i n i t i a l  d i s -  
t u r b a n c e .  The impor t ance  of t h i s  r e s u l t  is t h a t  i t  is 
shown t h a t  a n  aperiodic i n i t i a l  d i s t u r b a n c e  i n  t h e  p o s i -  
t i v e  column of a glow d i s c h a r g e  c a n  have a n  o s c i l l a t o r y  
r e s p o n s e .  
I n  order t o  f i n d  a u s e f u l  form of t h e  s o l u t i o n  
of Equation  (11-42),  t h e  p r o c e d u r e s  of B l e t z i n g e r  e t  a l .  
(17, 18) will be followed t o  o b t a i n  a r e l a t i o n s h i p  
between t h e  f r e q u e n c y  of s t r i a t i o n s  a n d  pressure, r a d i u s  
of discharge tube ,   and   t empera tu re .   Equa t ion   (11 -42)  
c a n  be w r i t t e n  as 
- =  an+ a2n+ D -  
a t  a az2  + Cln+ 
W 
- c2 exp[-al(z’-z)]n+(z’,t)dz’ (11-43) 
Z 
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where 
(11-44) 
(11-45) 
Assuming a F o u r i e r  S e r i e s  s o l u t i o n  of Equation (11-43) 
m 
n + ( z , t >  = Re[ X Cm(t)exp(icTmz.)] 
m=O 
where om = - mn, m = 0, 1, 2 ... 
L 
(11-46) 
(11-47) 
a n d  t h e  i n i t i a l  c o n d i t i o n  of Equation  (11-22) is imposed. 
S u b s t i t u t i o n  of Equat ion   (11-46)   in to   Equat ion   (11-43)  
g i v e s ,  term by term, o m i t t i n g  t h e  o p e r a t i o n  R e  u n t i l  
la ter  i n  t h e  a n a l y s i s ,  
dCm( t )  
exP( ioma)  = DaCm(t) i2  exp(iomz) 
d t  - 
+ clCm(t)exp(iomz) 
03 
n 
- c2 J [exp  -al(~-~')]Cm(t)exp(i~mz')dz'. 
z (11-48) 
C o n s i d e r  t h e  l as t  term: 
al + i om 
= - c2Cm ( t  ) exp ( iamz) x 2 .  (11-49) 
al + ‘m 
Now Equa t ion  (11-48) c a n  be w r i t t e n  as 
whose s o l u t i o n  is 
(11-51) 
Cm(0) is t h e  F o u r i e r  c o e f f i c i e n t  
Cm(0) = - 1 no(z)exp[-  iamz]dz (11-52) 
-L 
which was o b t a i n e d  from Equat ions  (11-46)   and (11-22). 
For t h e  i n i t i a l  c o n d i t i o n  g i v e n  p r e v i o u s l y ,  t h e  s o l u t i o n  
for t h e  i o n  d e n s i t y  is 
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c a  
+ 2  2 ) t ]  cos(  omc2t 2 + omz> (11-53) 
"1 + Om a12 + am 
which is seen t o  h a v e  t h e  form of a damped,  propagat ing 
wave. 
The a t t e n u a t i o n  factor will have  a minimum 
when 
C2a120m O = 2 D a  - a m  (a1 2 + om2)2 
or when 
(11-54) 
(11-55) 
Thus, as time i n c r e a s e s ,  t h e  s o l u t i o n  is more c l o s e l y  
g i v e n  by t h e  term i n  which om = t h e  others b e i n g  
more s t r o n g l y  damped.  Then ap c o u l d  be called t h e  
"dominant  wave  number" of t h e  discharge and  t h i s  is 
t h e  mode most l i k e l y  t o  p r o p a g a t e .  
*P 
Associate a n  a n g u l a r  f r e q u e n c y  w i t h  Equat ion  
(11-53) of t h e  form 
c o  
2 o,(o ) = 
2 P  
a + op2 1 
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(11-56) 
By d e f i n i t i o n ,  t h e  p h a s e  v e l o c i t y  is 
d(5,) c2 c D 1/2  v ((5) & - =  P P  2 =; (2) (11-57) 
OP a 1 + oP2 a 1 
where Equa t ion  (11-55) w a s  u s e d  i n  t h e  l a s t  e q u a l i t y .  
S e v e r a l  s e m i - e m p i r i c a l  e x p r e s s i o n s  r e l a t i n g  
p r e s s u r e  p a n d  t u b e  r a d i u s  R t o  t h e  s i g n i f i c a n t  p a r a m e t e r s  
of glow discharges are g i v e n  below. T h e s e   r e l a t i o n s   p e r -  
m i t  p r e d i c t i o n  of t h e  p and  R dependence of Vp, and are 
t a k e n  from von   Eng le ' s  book o n   i o n i z e d   g a s e s  (23). The 
e l e c t r o n  t e m p e r a t u r e  c a n  be c a l c u l a t e d  from t h e  t r a n s -  
c e n d e n t a l  r e l a t i o n  
7 2 VI 1/2 
= 1 . 2  x 10  (cpR) (-1 
e 
where VI is t h e  i o n i z a t i o n  
kT 
e 
e = -  
and  
AZ is t h e  i n i t i a l  s l o p e  of 
e 
p o t e n t . i a 1  of t h e  gas 
(11-58) 
(11-59) 
(11-60) 
i o n i z a t i o n  e f f i c i e n c y  as a 
f u n c t i o n  of e l e c t r o n  e n e r g y  a n d  p+ is t h e  no rma l i zed  
i o n  m o b i l i t y  d e f i n e d  b y  
24 
(11-61) 
P 
The ra te  of change of t h e  i o n i z a t i o n  f r e q u e n c y  
Z w i t h  r e s p e c t  t o  8 c a n  be found from t h e  r e l a t i o n  
7 
Z, = 9 X 1 0  AZpVIB [exp(-  -j] 1/2 
e 
(11-62) 
for a M a x m e l l i a n  v e l o c i t y  d i s t r i b u t i o n .  
The axial  e lectr ic  f i e ld  Eo, g a s  p r e s s u r e  p ,  
a n d  t h e  a v e r a g e  f r a c t i o n  6 of ene rgy  lost by a n  e lectron 
i n  a c o l l i s i o n  are related by t h e  following 
t 
- =  
where 
(11-63) 
(11-64) 
and Xe is t h e  n o r m a l i z e d  mean free p a t h  fo r  e l e c t r o n -  
n e u t r a l  c o l l i s i o n s  d e f i n e d  t h r o u g h  t h e  r e l a t i o n  
x 
P 
x _nJ e -  (11-65) 
I t  is c o n v e n i e n t  t o  s i m p l i f y  t h e  r e l a t i o n s  f o r  a and  
E by   wr i t i ng   t hem as 
1 
0 
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, " 
al c3p: c3 = A -  32 ( 6  1/2$/2)-1$  (11-66) 
3a Al 
S u b s t i t u t i o n  of Equat ion  (11-58) i n t o  (11-62) a f t e r  
d i f f e r e n t i a t i o n  g i v e s  
Thus, Equation  (11-45)  becomes 
C 5 
c2 = 3 
where 
(11-67) 
(11-68) 
(11-69) 
C A 3 x 7.5 VI -1/2g + V I >  (c3 + c 4 > .  (11-70) 5 = 2  2 
F i n a l l y ,  
(11-71) 
where 
T h i s  is t h e  f i n a l  r e s u l t  of B l e t z i n g e r ,  e t  a l .  (17). 
Equa t ion  (11-55) reduces t o  
(11-72) 
o =  V C 7 P  2 2  
P VR - c3 
where 
(11-73) 
(11-74) 
Equation  (11-57) can  b e  rewritten as 
1/2 1/4 1 /2 
c3 1 c6(c7> e 8’l4Rp “ - 
1 / 2 R 3 p ”  (1- ) . (11-75) 
2n P c7 
The f i n a l  r e l a t i o n s h i p  for t h e  f r e q u e n c y  is 
where 
(11-77) 
S u b s t i t u t i o n  of a p p r o p r i a t e  v a l u e s  s h o w s  t h a t  t h e  l a s t  
term i n  t h e  b r a c k e t s  o f  E q u a t i o n  ( 1 1 - 7 5 )  is small com- 
pared t o  u n i t y .   T h u s ,   t h e   f u n c t i o n a l   r e l a t i o n s h i p  is 
(11-78) 
I t  s h o u l d  b e  n o t e d  t h a t  t h i s  same r e s u l t  is 
obta ined   by   us ing   Equat ions   (11-71)   and   (11-57)   and  
s u b s t i t u t i n g  t h e  r e l a t i o n  for wavelength as g i v e n  by 
Cobine (24) .  T h i s   f u n c t i o n a l   r e l a t i o n s h i p   h a s   b e e n  
d e r i v e d   f r o m  basic p l a s m a   e q u a t i o n s .   I n   C h a p t e r  I11 t h e  
g e n e r a l  v a l i d i t y  of Equat ion  (11-78)  will be  demons t r a t ed .  
I t  s h o u l d  b e  p o i n t e d  o u t  t h a t  8 is n o t  a f u n c t i o n  of 
c u r r e n t ,  t h a t  is,  t h i s  e q u a t i o n  g i v e s  o n l y  t h e  dependence 
of f r e q u e n c y  o f  s t . r i a t i o n s  o n  p r e s s u r e  a n d  r a d i u s  o f  
d i s c h a r g e  t u b e .  
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CHAPTER I I I 
EXPERIMENTAL  RESULTS 
I. CONSTRUCTION AND INSTRUMENTATION 
The He-Ne l a s e r s  t h a t  were used i n  t h e  f o l l o w i n g  
expe r imen t s  were c o n s t r u c t e d  i n  o u r  l a b o r a t o r y  of Pyrex  
g lass .  Coheren t   ou tpu t  power o b t a i n a b l e  is  comparable  t o  
t h a t   a c h i e v e d   i n  commercial He-Ne lasers .  The l a se r  t u b e s  
h a v e  p h y s i c a l  d i m e n s i o n s  o f  f o r t y  t o  f i f t y  c e n t i m e t e r s  
ac t ive  l eng th  and  2 .5  t o  5.0 millimeters i n  diameter. 
E l e c t r o d e s  for t h i s  cold cathode d e s i g n  t u b e  were purchased  
f r o m  t h e  T u b e l i t e  Company, Moonachie, New J e r s e y ,  a n d  from 
t h e  E .  G .  L. Company, Newark, New J e r s e y ,   a n d  are  s t a n d a r d  
n e o n   s i g n  electrodes.  The e x t e r n a l  mirror  c o n f i g u r a t i o n  
r equ i r ed   t he   u se   o f   Brews te r - ang le   w indows .   Pu rchased  
from Edmund S c i e n t i f i c ,  B a r r i n g t o n ,  New J e r s e y ,  these 
s u r p l u s  windows were a t t a c h e d  w i t h  Torr-Seal   epoxy.  Mirrors 
of s u r f a c e  q u a l i t y  X / 4  and of v a r i o u s  t r a n s m i s s i v i t i e s  
were a c q u i r e d  from Spect ra -Phys ics ,  Mounta in  View, 
C a l i f o r n i a .  The h i g h e s t  r e f l e c t i v i t y  mirror mas u s u a l l y  
used t o  widen t h e  r ange  ove r  qh ich  t h e  l a se r  would osc i l la te .  
S t a n d a r d  g l a s s - b l o w i n g  t e c h n i q u e s  were u s e d  i n  
t h e  f a b r i c a t i o n  of t h e  lasers,  and care was e x e r c i s e d  t o  
k e e p  t h e  glass-blower's b r e a t h  from d e p o s i t i n g  o n  t h e  
windows. For s u c c e s s f u l   o p e r a t i o n  of t h e  lasers,  it is 
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e s s e n t i a l  t o  keep  t h e  Brewster-angle windows f r ee  of d i r t  
and f i l m .  T h i s  chapter w i l l  n o t  e l u c i d a t e  f u r t h e r  o n  
c o n s t r u c t i o n  t e c h n i q u e s  s i n c e  that .  area has a l r eady  been  
s u f f i c i e n t l y   i n v e s t i g a t e d  (25).  F i g u r e  2 i l l u s t r a t e s  
t h e  g e n e r a l  shape and  d imens ions  of a t y p i c a l  l a b o r a t o r y  
laser  plasma t u b e .  
Equipment  used  in  t he  e x p e r i m e n t s  is of h i g h  
q u a l i t y   a n d  r e s u l t s  a re  repeatable. The  vacuum  system 
u s e d  i n  t h e  e x p e r i m e n t s  was b u i l t  a r o u n d  a Vac-Ion Model 
911-5014 pump which e l i m i n a t e s  o i l  con tamina t ion  p rob lems .  
A b a s e   p r e s s u r e  of approx ima te ly   Tor r  i s  e a s i l y   a t t a i n -  
a b l e  w i t h  t h i s  s y s t e m .   T h i s   u l t r a - h i g h  vacuum sys tem was 
f o u n d  n e c e s s a r y  i n  o r d e r  t o  e l i m i n a t e  c o n t a m i n a n t s  f r o m  
s e r i o u s l y   a f f e c t i n g   e x p e r i m e n t a l   r e s u l t s .   T u b e   p r e s s u r e  p 
was measu red  wi th  a Has t ings  thermocouple  gauge  Model SP-1s. 
Coheren t  ou tpu t  power measurements were made w i t h  an E.G.& G 
Model 560  "Lite-Mike" i n  c o n j u n c t i o n  w i t h  a Wratten  #29 
f i l t e r  which e l i m i n a t e d  s p u r i o u s  r a d i a t i o n  from t h e  d i s -  
charge. Frequency  measurements were made w i t h  a T e k t r o n i x  
1L5 Spectrum Analyzer ,  and l a s e r  c u r r e n t  l e v e l s  IL were 
measured w i t h  a Hewlett-Packard Model 412-A Voltmeter 
connec ted  across a 100 ohm resistor i n  series w i t h  the 
discharge.  A schematic diagram of t h e  sys tem is shown i n  
F i g u r e  3 .  
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Figure 2. Laboratory Plasma Laser Tube. 
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Figure  3. Schematic  Diagram of System. 
11. MEASUREMENTS 
The o n s e t  of n o i s e  a n d  s t r i a t i o n s  i n  t h e  He-Ne  
discharge is shown i n  t h e  three photographs of F i g u r e  4 .  
Only lorn f r e q u e n c y  n o i s e  of small a m p l i t u d e - i s  a p p a r e n t  
a t  low v a l u e s  of c u r r e n t   ( F i g u r e   4 - a ) .  A s  t h e  c u r r e n t  is 
i n c r e a s e d ,  t h e  n o i s e  l e v e l  b e g i n s  t o  i n c r e a s e  s l i g h t l y  
u n t i l  t h e  p o i n t  a t  which the  s t r i a t i o n s  a p p e a r  is reached. 
Suddenly,  t h e  low f r e q u e n c y  n o i s e  disappears,  and t h e  major 
f l u c t u a t i o n  i n  t h e  c u r r e n t  is t h e  s t r i a t i v e  o s c i l l a t i o n  
(F igu re  4-b).  I n c r e a s i n g  t h e  c u r r e n t  still f u r t h e r  will 
d e c r e a s e  t h e  s t r i a t i o n   f r e q u e n c y .   F i n a l l y  a p o i n t  is 
reached a t  which t h e  low f r e q u e n c y  n o i s e  is t h e  dominant 
pe r tu rba t ion   (F igu re   4 -c ) .   The  plasma is t h u s   u s u a l l y   i n  
one of two d i f f e r e n t  modes: 
1. The low f r e q u e n c y   n o i s e  is p r e s e n t   w i t h o u t  
t h e  s t r i a t i o n s ,  or 
2 .  The s t r i a t i o n s   p r e d o m i n a t e  w i t h  t h e  excess 
low f r e q u e n c y  n o i s e  c o n s i d e r a b l y  r e d u c e d  i n  
magnitude.  
No theore t ica l  e x p l a n a t i o n  f o r  t h i s  mode phenomenon appears 
i n  t h e  l i t e r a t u r e .  The e x p e r i m e n t a l   e v i d e n c e  is p r e s e n t e d  
here s o  t h a t  t h e  expe r imen te r  may r ea l i ze  t h a t  these condi -  
t i o n s  e x i s t  w i t h  p o t e n t i a l  d e t r i m e n t a l  r e s u l t s  t o  some 
prac t ica l  u s e s  of t h e  laser .  
I ~ 
o 50 KHz 
Figure 4-a 
o 500 KHz 
Fig ur e 4 -·b 
o 500 KHz 
Fi gure 4 -c 
100 KHz 
IL = 12 rna. 
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50Khz center 
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lxlO-2V/ cm 
I MHz 
IMHz 
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2xlO-3 V/ cm 
Fig ur e 4. Ge neral Dischar g e Characteristics 
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Tha t  these o s c i l l a t i o n s  are moving s t r i a t i o n s  
i n  t h e  p lasma  and   no t ,  f o r  example, r e l a x a t i o n  o s c i l l a t i o n s  
was confirmed  by t h e  f o l l o w i n g   e x p e r i m e n t .  The q u a s i -  
s i n u s o i d a l  f l u c t u a t i o n s  i n  t h e  t u b e  c u r r e n t  were used t o  
t r igger  t h e  sweep of t h e  oscil loscope. The phase of' t h e  
s ide - l igh t  o u t p u t  was then  obse rved  w i t h  a photodetector 
t o  depend  on t h e  p o i n t  i n  t h e  t u b e  from which the  measure- 
men t was t a k e n .  
Most of t h e  data  reported here were o b s e r v a t i o n s  
of f l u c t u a t i o n s  i n  t h e  discharge c u r r e n t .  r a the r  t h a n  of 
f l u c t u a t i o n s  i n  t h e  c o h e r e n t  l i g h t  o u t p u t .  T h i s  was done 
for exper imenta l  convenience ,  and  t h e  e x t e n t  t o  which t h e  
discharge da ta  is applicable t o  the  c o h e r e n t  l i g h t  and 
o u t p u t  is  shown by t h e  modu la t ion  expe r imen t s  of F i g u r e s  
5 and 6 .  U p  t o  a f r equency  of s e v e r a l   h u n d r e d  Khz t h e  
modu la t ion  pe rcen tage  is such  t h a t  discharge f l u c t u a t i o n  
phenomena  would show up i n  t h e  l i g h t  o u t p u t  a t  6328 A .  
I t  s h o u l d  be p o i n t e d  o u t  t h a t  t h e  modula t ion  of t h e  i n f r a -  
0 
red l i n e  a t  1.153 microns  is e f f e c t i v e  t o  on ly  abou t  
100 Khz ( 2 6 ) .  
Kubo, Kawabe, a n d   I n u i s h i  (26) have t heo re t i ca l ly  
i n v e s t i g a t e d  t h e  modula t ion  effects  and have de te rmined  
t h a t  a close r e l a t i o n s h i p  e x i s t s  b e t w e e n  t h e  l i fe t ime of 
t h e  He  metastable atom and t h e  c u t o f f   f r e q u e n c y .  T h e i r  
theoret ical  r e s u l t s  are i n  q u a n t i t a t i v e  a g r e e m e n t  w i t h  
t h e i r  expe r imen t .  
W 
Q, 
I 
i 
Figure 5. Schematic Diagram of Modulation  Experiments. 
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Figure 6. Modulat ion Characteristics for Trlbe 1. 
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An i n t e r e s t i n g  phenomenon t h a t  shows t h e  e f f ec t  
of - l a s i n g  a c t i o n  o n  t h e  d i s c h a r g e  c u r r e n t  was obse rved .  
By s p o i l i n g  t h e  c a v i t y  a n d  s i m u l t a n e o u s l y  m o n i t o r i n g  t h e  
s t r i a t i o n  f r e q u e n c y ,  i t  w a s  observed t h a t  a f r e q u e n c y  s h i f t  
o c c u r s  whose magnitude is p r o p o r t i o n a l  t o  t h e  c o h e r e n t  o u t -  
pu t   power .   This  decrease i n   s t r i a t i o n   f r e q u e n c y  was ob- 
served t o  be abou t  1 p e r c e n t  of t h e  u n d i s t u r b e d  f r e q u e n c y .  
I t  has   been   hypo thes i zed  (4) t h a t  t h e  c h a n g e  i n  s t r i a t i o n  
f r equency  is r e l a t e d  t o  t h e  p o p u l a t i o n  d e n s i t y  o f  t h e  n e o n  
m e t a s t a b l e s .   L a s i n g   a c t i o n   c a u s e s   a p p r o x i m a t e l y  a 1 pe r -  
c e n t  i n c r e a s e  i n  t h e  neon  me tas t ab le  l e v e l .  
C o n c o m i t a n t  w i t h  the c h a n g e  i n  s t r i a t i o n  f r e -  
quency,  t h e  d i s c h a r g e  c u r r e n t  i n c r e a s e s  by a f r a c t i o n  of a 
m i l l i a m p e r e  when t h e  c a v i t y  is s p o i l e d .  A phenomenolog- 
i c a l  e x p l a n a t i o n  (27) is t h a t  s i n c e  a p o p u l a t i o n  leve l  
n e a r  t h e  i o n i z a t i o n  p o t e n t i a l  is depopu la t ed  by t h e  laser  
a c t i o n ,  t h e  number of i o n i z a t i o n s  w i l l  be decreased as  
compared t o  t h e  case when l a se r  a c t i o n  is a b s e n t .  The re -  
f o re ,  when t h e  c a v i t y  is s p o i l e d ,  t h e  c o n d u c t i v i t y  of t h e  
pos i t i ve  co lumn inc reases  because  t h e  e l e c t r o n  d e n s i t y  
i n c r e a s e s .   T h i s   p e r m i t s   a n   i n c r e a s e   o f   c u r r e n t .  
A l l  t h e  t u b e s  t es ted  showed approximate  agreement  
w i t h  t h e  theore t ica l  a n a l y s i s  of Chapter  1 1 .  T h a t  is,  t h e  
f u n c t i o n a l  d e p e n d e n c e  of f r equency  of s t r i a t i o n s  v e r s u s  
p r e s s u r e  is q u a n t i t a t i v e l y  v e r i f i e d  i n  F i g u r e s  7 and 8 .  
One a s p e c t  of da t a  t h a t  is  n o t  f u l l y  u n d e r s t o o d  is t h e  
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"mode jumping"  phenomenon.  The c r i t i c a l  p r e s s u r e  a t  which 
t h i s  i n s t a b i l i t y  o c c u r s  is i n  t h e  r a n g e  of 1 . 2  t o  1 .4  T o r r  
a n d  t h e  c r i t i c a l  p r e s s u r e  seems t o  be re la ted i n v e r s e l y  t o  
t h e  DC c u r r e n t  v a l u e .  
The  fo l lowing  p rocedures  were used  t o  o b t a i n  t h e  
data of F i g u r e s  7 and 8 .  The discharge was i n i t i a t e d  a n d  
t h e  c u r r e n t  a d j u s t e d  t o  t h e  desired v a l u e .  The p r e s s u r e  
was s l o w l y  i n c r e a s e d ,  h o l d i n g  t h e  c u r r e n t  f ixed ,  u n t i l  
t h e   d i s c h a r g e  comes i n t o  a s t r i a t i v e  mode. U s u a l l y  t h i s  
i n i t i a l  s t r i a t i v e  mode was u n s t a b l e  a n d  i t  " d i e d  o u t "  i n  
a s h o r t  p e r i o d  ( a p p r o x i m a t e l y  t e n  seconds)  due  t o  some 
t r a n s i e n t   t h e r m a l  process. A s l i g h t  i n c r e a s e  of c u r r e n t  
mill restore t h e  s t r i a t i v e  process t o  a s t e a d y - s t a t e  l eve l .  
T h e  p r e s s u r e  was s l o w l y  i n c r e a s e d  i n  0.05 Torr inc remen t s ,  
r e a d j u s t i n g  t h e  c u r r e n t  a f t e r  e a c h  p r e s s u r e  i n c r e m e n t .  
T h e  G r a n v i l l e  P h i l l i p s  Model GP-203 m e t e r i n g  v a l v e  was 
p a r t i c u l a r l y   u s e f u l   i n   t h e s e   e x p e r i m e n t s .  A f ixed  time 
i n t e r v a l  of two m i n u t e s  was allowed before t h e  f r e q u e n c y  
da ta  were recorded from t h e  s p e c t r u m  a n a l y z e r .  
Data shown i n  F i g u r e  9 ,  are t y p i c a l  of t h e  f re-  
q u e n c y   v e r s u s   c u r r e n t  characterist ics.  These   cu rves  have 
n o t  b e e n  p r e v i o u s l y  p u b l i s h e d  f o r  t h e  He-Ne discharge,  
and  are shown here s o  t h a t  t h e  p r o s p e c t i v e  u s e r  may be 
aware of t h i s  phenomenon. I n  these expe r imen t s ,  as can  be 
s e e n  by t h e  f r e q u e n t  mode jumping,  i t  is e s s e n t i a l  t o  u s e  
small i n c r e m e n t s   i n  t h e  c u r r e n t .  A power  supply  and 
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F i g u r e  9 .  Frequency of S t r i a t i o n s  Versus C u r r e n t  f o r  Tube 2. 
i n s t r u m e n t a t i o n  s y s t e m  were c o n s t r u c t e d  s o  t h a t  i n c r e m e n t s  
of 0 . 5  ma. i n  t h e  discharge c u r r e n t  were e a s i l y  f ac i l i t a t ed .  
The schematic diagram of t h e  s y s t e m  as  shown i n  F i g u r e  3, 
p a g e  3 2 ,  c l a r i f i e d  t h e  e x p e r i m e n t a l  p r o c e d u r e .  
F i g u r e  10 shows t h e  l i n e a r  decrease of s t r i a t i o n  
f r e q u e n c y  v e r s u s  c u r r e n t  f o r  a Spec t r a -Phys ic s  Model 130-c 
p l a s m a   t u b e ,   T h i s   p l a s m a   t u b e   e x h i b i t e d  t h e  same behav io r  
as  t u b e s   b u i l t   i n   t h i s   l a b o r a t o r y .   P r e s s u r e   d a t a  were n o t  
a v a i l a b l e  f o r  t h i s  t u b e .  
Pupp  (28)  found t h a t  s t r i a t i o n s  o c c u r  o n l y  when 
t h e  c u r r e n t  a n d  gas p r e s s u r e  are less  t h a n  c e r t a i n  l i m i t i n g  
v a l u e s .  H e  f o u n d   t h a t   i n   p u r e  rare  gases, t h e  l i m i t i n g  
c u r r e n t  a n d  p r e s s u r e  are almost independent  of t h e  t u b e  
r ad ius  and  connec ted  by 
P IL  = c (111-1) 
where C is  a c o n s t a n t  d e t e r m i n e d  f o r  each  gas. 
The data  of F i g u r e  11, c o r r e s p o n d  q u a n t i t a t i v e l y  
w i t h  t h i s  empirical r e l a t i o n s h i p  e v e n  t h o u g h  t h e  data  are 
f o r  a two-gas system.  Combined w i t h  t h e  data  a t  o n s e t  of 
s t r i a t i o n s  as  a f u n c t i o n  of p r e s s u r e  a n d  c u r r e n t ,  F i g u r e  11 
g i v e s  d e s i g n  p a r a m e t e r s  f o r  u s e  i n  a discharge t u b e  t h a t  
does n o t  e x h i b i t  s t r i a t i o n s .  
I t  was f o u n d  t h a t  a r e l a t i o n  s imi l a r  t o  Equa t ion  
(111-1) d e s c r i b e d  the lower limits of s t r i a t i o n s .  
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The p la sma  tube  r ad ius  dependence  is g i v e n  i n  
F i g u r e  12.  The two 2 .5  mm t u b e s  were nominally  of t h e  
same diameter b u t  e x h i b i t e d  a s l i g h t l y  d i f f e r e n t  f r e q u e n c y  
f o r  i d e n t i c a l   d i s c h a r g e   c o n d i t i o n s .  An error i n  t h e  
measurement a t  t h e  a c t u a l  diameter c o u l d  e x p l a i n  t h e  
d i s c r e p a n c y .  
S i m i l a r  data t o  these have  no t  been  r epor t ed ,  
b u t  o n e  u n p u b l i s h e d  r e p o r t  (29) shows an  e r ra t ic  depen- 
dence of s t r i a t i o n  p h a s e  v e l o c i t y  v e r s u s  r a d i u s .  The 
c a u s e  f o r  t h e  e r ra t ic  data w a s  p r o b a b l y  a n  i n s u f f i c i e n t  
( d i r t y )  vacuum  system. 
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CHAPTER I V  
CONCLUSION AND DISCUSSION 
The frequency dependence of s t r i a t i o n s  i n  He- 
N e  lasers on   p lasma  parameters  was developed .  The e x p e r i -  
m e n t a l  r e s u l t s  i n  C h a p t e r  I11 show q u a l i t a t i v e  a g r e e m e n t  
for t h e  He-Ne plasma laser.  
The data of F i g u r e  7 ,  page  39, a n d  F i g u r e  8 ,  
page 40,  show tha t  t h e  p r e s s u r e  d e p e n d e n c e  of s t r i a t i o n s  
c a n  b e  r e a s o n a b l y  p r e d i c t e d  i n  a c c o r d a n c e  w i t h  pmQ 
r e l a t i o n s h i p  o f ,  Equat ion  (11-2) ,  page 7 ,  and Equat ion  
(11-78), page 8. The agreement  of t h e  data of F i g u r e   1 2 ,  
page  47, w i t h  t h e  R -3’2 dependence of t h e  theoret ical  
a n a l y s i s  is c o n s i d e r e d  t o  be  r easonab le .  
Expe r imen ta l ly ,  t h i s  research has  a l so  shown 
data r e l a t i n g  f r e q u e n c y  of s t r i a t i o n s  t o  d i s c h a r g e  c u r r e n t .  
No theoretical a n a l y s i s  is a v a i l a b l e  t o  e x p l a i n  t h i s  
phenomenon. 
The three p r i n c i p l e  v a r i a b l e s  t h a t  affect  
s t r i a t i o n  f r e q u e n c y  - p r e s s u r e ,  r a d i u s ,  a n d  c u r r e n t  - 
have b e e n  i n v e s t i g a t e d  t o  t h e  p o i n t  where i t  is now 
p o s s i b l e  t o  e x p e r i m e n t a l l y  a n d / o r  t h e o r e t i c a l l y  p r e d i c t  
t h e i r   d e p e n d e n c e s ,  A thorough theoretical  i n v e s t i g a t i o n  
of t h e  c u r r e n t  d e p e n d e n c e  w o u l d  b e  a n  i n s t r u c t i v e  and 
u s e f u l  n e x t  s t e p  s i n c e ,  f i n a l l y ,  it is d e s i r a b l e  t o  
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predict  a l l  three dependences  fo r  t h e  He-Ne discharge. 
F u r t h e r  i n v e s t i g a t i o n  of t h e  r o l e  of t he  metastables 
mould be a r e a s o n a b l e  s t a r t i n g  p o i n t .  
Examinat ion  of  F igure  1 2 ,  page 47, a n d  F i g u r e  6 ,  
page  37 ,  r evea l s  i n fo rma t ion  t h a t  t u b e s  w i t h  diameters 
less t h a n  2 mm w o u l d  e f f e c t i v e l y  eliminate t h e  problem 
of s t r i a t i o n s  i n  He-Ne lasers. Small t u b e s   e x h i b i t  h i g h e r  
s t r i a t i o n  f r e q u e n c i e s  which less e f f e c t i v e l y  m o d u l a t e  
l i g h t  o u t p u t  6328A t h a n  l o w e r  f r e q u e n c i e s .  
0 
A fu r the r  consequence  o f  t h i s  research is t h a t  
i t  is now p o s s i b l e  t o  c o n s t r u c t  a diagram such as F i g u r e  11, 
page 45, which g i v e s  d e s i g n  c o n d i t i o n s  for a " q u i e t t '  t u b e  
by p r o p e r l y  a d j u s t i n g  p r e s s u r e  a n d  c u r r e n t .  
Any t h e o r y  d e a l i n g  w i t h  random f l u c t u a t i o n s  
I 
I ,  
or n o i s e  i n  a He-Ne laser must take i n t o  c o n s i d e r a t i o n  
t h e  theo ry   and  data g i v e n  i n  t h i s  research. F i g u r e  4 ,  
page 34, a n d  o t h e r  data compi l ed  du r ing  t h e  course  of  
t h i s  research r e v e a l  t h a t  t h e  magnitude  of t h e  s t r i a t i o n s  
is of t h e  same o r d e r  as t h e  wide-band noise ,  moreover  , 
under  most discharge c o n d i t i o n s ,  t h e  s t r i a t i o n  is t h e  
s t r o n g e r  p e r t u r b a t i o n .  
I t  is s u g g e s t e d  t h a t  f u t u r e  e x p e r i m e n t a l  i n v e s -  
t i g a t i o n s  s h o u l d  be conducted  w i t h  a mul t i e l emen t  t ube .  
Not only would t h i s  f ac i l i t a t e  c o l l e c t i o n  data, b u t  it 
mould a l s o  e n s u r e  greater r e l i a b i l i t y  b e t w e e n  t u b e s  s i n c e  
contaminants  would  be p r e s e n t  t o  t h e  same degree i n  each 
t u b e .  
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